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Industrial wastewater originating from chemical industries normally contains toxic organic compounds, solvents, inorganic chemicals, salts, etc. and the characteristics of wastewater are highly variable and complex in nature [1-3]. The consumption of large quantities of organic and inorganic chemicals in the process imparts low biodegradability to the wastewater and the presence of recalcitrant organic molecules due to their non-biodegradable nature inhibits the biological process. Excessive usage of inorganic salts in the process results in high salt concentration in wastewater, thereby inhibiting the biological treatment process due to plasmolysis and/or loss of biological activity.  The complexity of the wastewater is characterized by the presence of toxic/recalcitrant organic compounds, solvents and inorganic chemicals [3]. Presently there are over 70,000 synthetic organic chemicals termed as refractory compounds, which are difficult to treat, by conventional biological processes owing to the inhibition and toxicity of these compounds when they serve as microbial substrates.  The variability of the wastewater on both flow and composition (change of manufacturing product, transitory operation of the plant, washing, etc.) also influences the efficiency of the treatment [3]. Treatment of this wastewater is of great concern to the scientists working in the field of environmental pollution control and the existing stringent environmental regulations need effective treatment methodologies for the wastewater to meet the regulatory norms.   The biological treatment of complex chemical process wastewater is particularly challenging due to their low biodegradable nature and transient flow conditions. Efficiency of the biological process to treat wastewater containing toxic and recalcitrant compounds depends on the presence of appropriate microorganisms, system acclimatization and specific operational conditions of the bioreactor.  

Continuous flow biological systems such as activated sludge process have serious difficulties in treating this type of wastewater.  Effective biological transformation of complex industrial wastewater requires the activity of microbial communities with vast metabolic ranges [4]. Complex synergistic and antagonistic relationships exist between the various microbial species present and the microbial species forming the community can differ greatly in growth rate and yield. This is especially evident when the organisms are to be selected and enriched wherein their physiological states will be adjusted in an environment alternating between aerobic, anoxic and anaerobic conditions. The maintenance of robust population capable of meeting the desired effluent limits is further exacerbated when transient or shock load conditions occur.  

Recently, considerable interest in the research fraternity is observed in the application of alternative approaches like periodic discontinuous processes for wastewater treatment. Periodic discontinuous process was developed on the basic scientific assumption that periodic exposure of the microorganisms to defined process conditions is effectively achieved in a fed batch system wherein exposure time, frequency of exposure and amplitude of the concentration can be set independently of any inflow condition [4]. This process is distinguished by the enforcement of controlled short-term unsteady state conditions, leading in the long run to a stable steady state with respect to composition and metabolic properties of the microbial population growing in the reactor leading to the control of the distribution and physiological state of the microorganisms. Systems submitted to conditions of feast and famine have higher specific growth rates and saturation constants than systems with constant conditions. In biological processes, intermittent process has been shown to produce higher specific growth rates of bacteria. The concept of periodic discontinuous process using sequencing batch reactor (SBR) operation was first reported in 1983. Application of this technology for domestic wastewater treatment especially for the removal of nutrient was documented after 1994 onwards [4-10].  

SBR technology differs in various ways from conventional technologies used in biological treatment of wastewater. The most obvious difference is that in SBR technology, the reactor volume varies with time, where as it remains constant in the traditional continuous flow system.  The advantages of SBR technology include the flexibility of operation (change of phase), feasibility of operation at low retention time, control over microbial population and various reactor configurations. SBR process consists of several time oriented periodic steps, characterized by a series of process phases viz. fill, react, settle, decant and idle, each lasting for a defined period during which wastewater is treated.  The success of SBR technology depends on the great potential provided by the possibilities of influencing the microbial system in the reactor. SBR processes are comparatively easy to operate and cost efficient and this process saves more than 60% of the expenses when compared to conventional activated sludge process [5].

Interest has been growing across the world both in scientific research and in practical application of SBR technology. SBR with various reactor configurations for nutrient removal has been studied extensively. One of the main advantages of SBR is the enhanced phosphorus removal due to phosphate accumulation during the anaerobic process and utilization in the subsequent aerobic process of the sequence. So far, SBR has been successfully applied for the treatment of domestic wastewater, medium and lower strength landfill leachates, specific pollutants and contaminated soils. Very few applications of SBR for industrial wastewater treatment (dairy, tannery, swine, etc.) were reported in the literature [11-23]. A thorough literature search revealed that SBR technology has not been investigated with complex chemical wastewaters from pharmaceutical, drug and chemical process units. 

In this context, the research work in the thesis focused on the investigation of periodic discontinuous process using sequencing batch reactor (SBR) application especially for the treatment of complex chemical wastewater. The experiments conducted in this have been selected, performed and analyzed with the ultimate goal of optimizing the SBR process with respect to metabolic functions, sequence phase microenvironment and reactor configuration. More specifically an depth attempt has been made to correlate the various reactor performance parameters to arrive at the best possible configuration for achieving process optimization.  The work was taken up with the following broad objectives
	To investigate the application of periodic discontinuous process using sequencing batch reactor (SBR) technology for treating complex chemical wastewaters. 

	To enumerate the relative efficiency of various reactor configurations such as suspended growth, biofilm, granular, immobilized and granular activated carbon (GAC) 

	To elucidate the role of various metabolic functions  (aerobic and anaerobic) on the process performance
	To investigate the influence of metabolic shift on the process performance

	To elicit the multiphase microenvironment/redox condition variation on the process performance during sequence phase operation.  

	To elucidate the application of Taguchi dynamic design of experimental (DOE) methodology for optimization of anaerobic process  

	To explore the effect of bioaugmentation strategy to enhance the process performance.

The thesis is divided into eight chapters. The schematic representation of the thesis with respect to chapters is shown in Figure 1.
	
Chapter 1:  Introduction

This chapter introduces the problem of complex wastewater treatment by biological processes and stresses the need for the alternative biological methods for effective and enhanced process performance. This chapter also presents the global scenario and conceptual framework of the thesis topic. Literature on the chemical process industries especially with process variations and wastewater generation along with the present state of biological methods used for the treatment of such kind of wastes are discussed. The concept of periodic discontinuous process operation and sequencing batch reactor technology are critically reviewed. Description of the basic process with the theoretical concepts of periodic discontinuous process along with operational steps involved and process variations forms part of the chapter. Various process variations normally observed in SBR operation such as metabolic functions, sequence phase microenvironment and reactor operating conditions are discussed in detail. The design normally adopted for SBR process and critical factors to be considered during the design are enumerated. Relative advantages of periodic discontinuous processes operation with traditional/continuous processes are comparatively evaluated. Scope and flexibility of SBR operation and its application for the treatment of wastewater such as domestic sewage, landfill leachates, industrial wastewater and specific pollutants are reviewed.  Concepts of bio-nutrient removal, decolorisation of dye and soil decontamination by slurry phase bioreactors with respect to SBR technology are also included in this chapter.

Figure 1: Schematic diagram of the thesis presentation


Chapter 2:  Scope and objective of the study

This chapter outlines the scope and the objectives of the present work.

Chapter 3: Experimental Methodology

Chapter 3 describes in detail the materials used in the experiments along with the experimental methodology adopted in the study for achieving the specified objectives of the work.  Details of wastewater used as feed for treatment and its characteristics, reactor design and fabrication procedures adopted and analytical methods used for monitoring the biological process are discussed in detail. The experimental details such as reactor configurations, metabolic functions and sequence phase variations, reactor operation, sampling protocols, etc are incorporated in this chapter. The feasibility of SBR technology is investigated with three kinds of complex chemical wastewater i.e. composite chemical wastewater (CCW), single process chemical wastewater (SPCW) and simulated azo dye wastewater (SDW) for assessing the process efficiency. Reactor configurations such as suspended growth, granular, biofilm, GAC biofilm, immobilized and hybrid are investigated to understand their relative efficiency in treating the complex wastewater in periodic discontinuous operation. 

Chapter 4:  Chemical Wastewater Treatment by Periodic Discontinuous Process using Sequencing Batch Reactor (SBR) Technology:  Reactor Configuration and Metabolic Function Optimization

This chapter presents experimental data pertaining to complex chemical wastewater using various configurations of SBRs using aerobic and anaerobic metabolic functions along with detailed discussions. A total of eight reactor configurations with aerobic and anaerobic metabolic functions were designed for carrying out detailed experiments for the treatment of CCW. Further, the selected effective reactor configuration was studied with two other types of chemical wastewater for assessing the reactor performance in detail. The experimental data has been organized according to various experimental phases that, in turn, approximately follow the chronological order in which they are conducted. The discussion was mainly focused on the reactor performance with respect to substrate degradation rate (SDR) with the function of organic loading rates (OLRs) studied and compared with corresponding continuous mode systems. The process performance of individual reactor configuration was monitored and evaluated for every reactor. The experiments revealed the process efficiency of periodic discontinuous processes in treating complex chemical wastewater compared to continuous flow systems. Significant enhancement in substrate degradation rate in a rapid retention time (24 hours) is observed in SBR reactor operated with suspended growth mode (anoxic-aerobic-anoxic) compared with continuous mode operated activated sludge process (retention time-5 days). GAC configured aerobic SBR system showed enhanced performance over corresponding suspended growth system.  Reactor operated with immobilized (entrapped acclimatized aerobic mixed consortia) configuration in SBR mode resulted in 70% of COD removal, which is comparatively on the higher side of the corresponding suspended growth system. Overall, biofilm configured SBRs irrespective of metabolic function exhibited effective performance over other configurations studied. Also, bioflm systems resulted in high SDR, while suspended growth systems showed inhibition to system operation after an organic loading rate of 3.5 Kg COD/cum-day. Experimental data revealed that the efficiency of aerobic metabolic functions over the corresponding anaerobic systems studied. This may be reasoned due to the fact that, the SBR operated has relatively less retention time to accomplish anaerobic reaction treating complex chemical wastewater. Other than suspended growth system, the remaining configurations studied retained the substrate removal efficiency at higher OLRs. However, hybrid configuration with biofilm integrated immobilized (anaerobic mixed consortia) resulted in effective performance with respect to substrate degradation. Sulphate reduction of about 10% was evidently observed in aerobic SBR operation, which may be attributed to the prevailing anoxic conditions in the sequence/cycle phase operation.  In the case of anaerobic operation, 70% sulphate reduction is noticed consistently.  Overall, the SBR configurations studied for the treatment of CCW exhibited the performance efficiency in the order of 

Biofilm (aerobic) > Immobilized (aerobic) > GAC (aerobic) > Biofilm (anaerobic) > Immobilized (anaerobic) > Granular/suspended (anaerobic) > Suspended (aerobic).
Among the metabolic functions studied, aerobic systems showed effective performance over the corresponding anaerobic systems in case of CCW and SPCW wastewater. In case of SDW, anaerobic processes are more favored and yield maximum substrate removal compared to the corresponding aerobic system. This may be attributed to the fact that azo dye initial breakdown needs anaerobic environment. The results obtained with CCW indicated that the biofilm configured SBR showed effective performance compared to other configurations studied and subsequently experiments with SPCW and SDW were carried out with biofilm systems operated in SBR mode. Experiments with SPCW are investigated at higher organic loading rates (up to 14.76 Kg COD/cum-day) with 24 hours of retention time. At higher organic loading rate, biofilm configured system resulted in 60% of COD removal along with 88% of BOD removal without any system inhibition. In the case of SDW, complete removal of dye color is observed for all the SBR variations studied. However, combination of anaerobic and aerobic metabolic functions resulted in effective performance.  

Chapter 5:   Influence of  Metabolic Shift and Multiphase Microenvironment/ Redox Conditions on the Process Performance

Chapter 5 presents experimental results related to metabolic shift and multiphase microenvironment/redox conditions variation studies performed on biofilm configured SBRs using all the three kinds of wastewaters. Experiments were carried out with the combination of metabolic shifts (aerobic to anaerobic and anaerobic to aerobic) with the function of wastewater type, OLR and HRT to assess the relative advantages of the shifts on the process performance. The metabolic shift revealed to have significant influence on the overall process efficiency of the periodic discontinuous process.  The performance efficiency was found to be governed by the type of wastewater being treated, placement of the metabolic function in integration and HRT.   Anaerobic to aerobic shift showed higher performance efficiency over the aerobic-anaerobic shift of the metabolic functions. In case of SDW also, anaerobic to aerobic metabolic shift resulted in effective performance. Twenty experiments varying sequence phase microenvironment in biofilm configured aerobic systems were carried out. Experimental results with multiphase microenvironment studies revealed the influence of redox conditions in the reaction phase of the sequence phase operation and has significant influence on the overall process efficiency of periodic discontinuous operation.  Inclusion of anoxic microenvironment in reaction phase of aerobic SBR has showed positive influence on the process efficiency. Multiphase placement of anoxic microenvironment in reaction phase of sequence operation has positive influence on the overall performance of the SBR. Prolonged anoxic microenvironment provision without multiple shifts in reaction phase of the cycle operation showed retarded performance efficiency. Anaerobic microenvironment showed more efficiency compared to prolonged placement of anoxic redox condition in the reaction phase in SBR operation. The extent of HRT showed to have positive influence an overall process performance. Altering sequence phase microenvironment with anoxic and aerobic phase (each for 2 hours) resulted in enhanced performance compared to other combinations studied.  Inclusion of anoxic phase in sequence phase operation for extended/longer periods showed process inhibition (substrate removal) over repeated altering of anoxic and aerobic phase for short periods. 

Chapter 6:   Optimization of anaerobic process treating complex chemical wastewater in sequencing batch biofilm reactor (AnSBBR) by Taguchi Dynamic DOE Methodology

Chapter 6 presents results pertaining to the studies performed for the optimization of anaerobic process (series of biological processes manifested by complex multi-species reactions) of wastewater treatment using design of experimental methodology (DOE) using dynamic approach. The methodology designed in this study by adopting Taguchi DOE procedure using dynamic approach for optimization of anaerobic processes was first time reported. The study demonstrated the applicability of robust/dynamic design with Taguchi methodology was possible by taking into consideration the uncontrollable/noise factors for process optimization and to understand the role of factors involved in the dynamic anaerobic processes operation for treating the complex chemical wastewater. This approach helped to identify the influence/contribution of individual factors, to arrive at the relationship between variables and operational conditions and finally, to establish the performance at the optimum levels, using a few well defined experimental sets. The Taguchi method has provided a systematic and efficient mathematical approach to understand complex multi-species manifested in anaerobic process for the optimization of the near optimum design parameters, only with a few well defined experimental sets. 

Chapter 7: Bioaugmentation of anaerobic sequencing batch biofilm reactor (AnSBBR) for the treatment of sulfate bearing chemical wastewater


This chapter presents experimental data related to the investigation carried out on the application of bioaugmentation strategy to enhance the process efficiency of anaerobic sequencing batch biofilm reactor (AnSBBR) treating the sulfate bearing chemical wastewater by augmentation with enriched SRB consortia in an entrapped matrix.  The results demonstrated the successful application of bioaugmentation strategy by means of enriched SRB consortia in an entrapped form to enhance the overall performance of the reactor for the treatment of chemical wastewater with high sulfate content operated in sequencing batch mode. Significant enhancement in the overall process performance of the reactor was observed after the augmentation. COD removal efficiency was found to increase from 35 to 70% with concomitant increase in biogas yield. Further, sulfate reduction had increased significantly from 27% to 80%.

Chapter 8:  Summary and Conclusions

This chapter summarizes the work presented in the thesis and presents the important conclusions drawn from this study. The experimental data obtained from this investigation demonstrated the efficiency of periodic discontinuous process over the continuous operation in treating the complex wastewater. The maximum substrate degradation rate was evidenced at less HRT compared to continuous systems. The SBR systems showed to sustain their performance at higher OLRs studied. Moreover, the ancillary unit operations such as settling, aeration chamber, etc are all integrated in the single reactor leading to economic operation with less reactor volume.  It can be concluded from the compilation of experimental data that the aerobic biofilm configured system operated in periodic discontinuous process operation designed with multiphase anoxic microenvironment rapidly altering between aerobic redox condition (by optimizing the placements and time period of anoxic microenvironment) will yield effective performance with respect to substrate removal efficiency for chemical wastewater. Optimization of HRT, anoxic phase placement and time period, OLR, etc will result in the best performance of periodic discontinuous operation. Flexibility of sequence phase microenvironment variation and prevailing substrate gradient during sequence phase operation facilitated robustness to the system with respect to microflora leading to the effective and stable process performance. Time varying individual components of incoming wastewater places microorganism under nutritional shift  (oscillating between feast and famine conditions). This results in maintenance of wide variety and distribution of microbial population in the reactor. Periodic operations with altering feast and famine conditions also resulted in higher uptake of substrate with effective settling of the biomass. Organic loading (shock loads) rates have shown relatively less effect on the performance and at higher loads the stabilization of the reactor is also rapid. The periodic discontinuous operation showed higher flexibility to operate the system under varying metabolic function, reactor configuration and sequence phase operation. Enforced short term unsteady state conditions coupled with periodic exposure of the microorganisms to defined process conditions by controlling their physiological state (incorporating required metabolic conditions) in SBR showed a comparatively efficient performance over the continuous systems in treating complex chemical wastewater.
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